DYX3, a locus for dyslexia, resides on chromosome 2p11-p15. We have refined its location on 2p12 to a 157 kb region in two rounds of linkage disequilibrium mapping in a set of Finnish families. The observed association was replicated in an independent set of 251 German families. Two overlapping risk haplotypes spanning 16 kb were identified in both sample sets separately as well as in a joint analysis. In the German sample set, the odds ratio for the most significantly associated haplotype increased with dyslexia severity from 2.2 to 5.2. The risk haplotypes are located in an intergenic region between FLJ13391 and MRPL19/C2ORF3. As no novel genes could be cloned from this region, we hypothesized that the risk haplotypes might affect long distance regulatory elements and characterized the three known genes. MRPL19 and C2ORF3 are in strong linkage disequilibrium and were highly co-expressed across a panel of tissues from regions of adult human brain. The expression of MRPL19 and C2ORF3, but not FLJ13391, were also correlated with the four dyslexia candidate genes identified so far (DYX1C1, ROBO1, DCDC2 and KIAA0319). Although several nonsynonymous changes were identified in MRPL19 and C2ORF3, none of them significantly associated with dyslexia. However, heterozygous carriers of the risk haplotype showed significantly attenuated expression of both MRPL19 and C2ORF3, as compared to noncarriers. Analysis of C2ORF3 orthologues in four non-human primates suggested different evolutionary rates for primates as compared to the out-group. In conclusion, our data support MRPL19 and C2ORF3 as candidate susceptibility genes for DYX3.
INTRODUCTION
Developmental dyslexia is a specific disorder in learning to read and spell in spite of adequate educational resources, normal intelligence, no obvious sensory deficits, and adequate sociocultural opportunity. Affecting about 5% of school-aged children, dyslexia is the most common learning disorder (1) (2) (3) . Dyslexic individuals show impairments in several correlated cognitive processes, whereas the core deficit is most commonly in phonological processing (4) . Neuroanatomical and functional studies have indicated several differences between dyslexic and normal readers, e.g. different brain activation patterns and processing pathways in response to auditory and visual perception tasks (5) .
Dyslexia is strongly familial, and abundant evidence supports genetic factors in its etiology (6) . Linkage and association studies have investigated dyslexia both as a categorical trait and as a composite condition, with several independent components analyzed contributing to the disorder (7) . To date, nine (DYX1-DYX9) chromosomal regions have been confirmed (www.gene.ucl.ac.uk/nomenclature). Four candidate genes for the susceptibility of developing dyslexia have been suggested: DYX1C1 for the DYX1 locus (8) , DCDC2 (9, 10) and KIAA0319 (11, 12) for the DYX2 locus, and ROBO1 for the DYX5 locus (13) .
Three independent genome-wide scans using different analytical approaches have shown linkage of dyslexia to 2p12-p16 (14) (15) (16) . Fagerheim et al. (14) studied a single extended Norwegian pedigree, in which inheritance was consistent with an autosomal dominant transmission. Parametric linkage analysis found significant evidence of linkage (maximum lod score 4.3) to 2p15-p16. Fisher et al. (15) analyzed two large sets of nuclear families from UK and USA using a quantitative nonparametric approach, and found significant single-point linkage results for orthographic coding (p=0.0007 at 2p16) in the UK sample and phoneme awareness (p=0.0003 at 2p13) in the US sample. In our previous genome-wide scan on eleven Finnish pedigrees we identified linkage to the broad Chromosome 2 DYX3 locus using a categorical phenotype (16) . Parametric linkage analysis peaked at marker D2S286, lod score of 3.01, and nonparametric analysis at marker D2S2216, NPL score 2.55 (p=0.004). We subsequently refined this candidate region to ~12 cM by linkage and association analysis using microsatellite markers (19) . In the present study, we have further refined the 2p12 candidate region in two populations, Finnish and German, and report evidence supporting two genes, MRPL19 (mitochondrial ribosomal protein 19) and C2ORF3 (chromosome 2 open reading frame 3), as candidate susceptibility genes for DYX3.
RESULTS

Linkage disequilibrium mapping of the 2p12 dyslexia candidate region in Finnish families
A total of eight microsatellites and 43 single nucleotide polymorphisms (SNPs)/deletion-insertion polymorphisms (DIPs) were successfully genotyped in two rounds of linkage disequilibrium (LD) mapping in 11 Finnish families ( Figure 1A and 1B). Markers from the second stage were also genotyped in eight additional Finnish families ( Figure 1B) . The genotype data were analyzed for single-marker and haplotype (two to four marker sliding window) associations using the Transmission Disequilibrium Test (TDT).
In the first round of LD mapping, the most significant single-marker associations were observed for markers rs917235 and rs730148. Alleles G and C were over-transmitted to affected subjects (14 transmitted vs. 2 non-transmitted, p=0.0027 and 21 transmitted vs.
6 non-transmitted, p=0.0039, respectively). Haplotype analysis showed the most significant association for the four-marker haplotype rs1859708-rs1986238-rs2010599-rs730148 (CCAC, p=0.0039, 11 transmitted vs. 1 non-transmitted).
In the second stage, marker density was increased to one every 8 kb in a 157 kb region from rs718507 to rs3755477 ( Figure 1B ). This region was chosen to cover the only three genes located in the area of the associated markers/haplotypes ( Figure 1B ). Singlemarker TDT gave the same results as in the previous stage for rs730148 while rs917235 showed 18 transmissions vs. 4 non-transmissions of allele G (p=0.0028), and the most significantly associated haplotypes were the two-marker haplotype rs917235-rs714039 (GG, p=0.0029) and the three-marker haplotype rs-10000585-rs917235-rs714039 (GGG, p=0.0076) ( Table 1) .
Replication in a large independent sample set
Two rounds of genotyping were similarly performed in an independent set of 251 German families. Totally 29 SNPs/DIPs were analyzed in the full sample set while four additional SNPs were only genotyped in a subset of 118 triads, due to DNA availability ( Figure 1A and 1B) . In the first stage, a four-marker haplotype rs1859708-rs1986238-rs730148-rs721390 was over-transmitted to affected subjects (CCCC, p=0.0092; 43 transmitted vs. 22 non-transmitted). In the second round of LD mapping, the most significant association was seen for the three-marker haplotype rs917235-rs714939-rs6732511 (GGC, p=0.0036). In a joint analysis of the two sample sets, two significant and overlapping three-marker haplotypes (p-values of 0.0049 and 0.0013, respectively), covering totally 16.6 kb, delineated the region of association in both populations (Table 1) .
Correlation with the severity of phenotype
Because many studies of dyslexia have reported stronger positive associations with more severe phenotypes (10, 11, 20, 21) , we re-analyzed the most significantly associated haplotype in the German set (rs917235-rs714939-rs6732511, GGC) by stratifying for severity. Detailed phenotypic data were not available for the Finnish sample set. Probands were classified for severity with a discrepancy of 1, 1.5, 2 or 2.5 standard deviations (SD) between the observed and expected spelling scores. All 251 probands fulfilled the criteria of a difference of 1 SD, whereas 232 and 171 probands showed a 1.5 SD and 2 SD discrepancy, respectively, and 72 probands displayed the most severe spelling disorder (2.5 SD). The odds ratio (OR) for the risk haplotype increased from 2.2 (global p=0.006) for all probands to 5.2 for the most severely affected cases (global p=0.00005) ( Table 1) .
Attenuated expression of MRPL19 and C2ORF3 in heterozygous carriers of the risk haplotype
An extensive search for genes was performed in the 16.6 kb region of association and in up to 86 kb of its surroundings. However, the only genes present were the hypothetical FLJ13391 and the verified MRPL19 and C2ORF3 genes. As the haplotype block structure of the region revealed a 62 kb block of strong LD containing MRPL19 and C2ORF3 (Figure 2 ), we hypothesized that the risk haplotypes might lie in a putative regulatory region of the two genes. We therefore evaluated the expression levels of MRPL19 and C2ORF3 in EBV transformed lymphocyte cell lines of carriers and noncarriers of the risk haplotype. We measured whether both alleles were equally transcribed in affected and non-affected individuals heterozygous for synonymous variants of the two genes. Of the 15 samples analyzed, five dyslexic and four normal readers carried the risk haplotype at markers rs917235-rs714939 (GG) in heterozygous form. Three normal readers and three affected did not carry the haplotype. By comparing the peak height ratios in genomic DNA and cDNA, we observed a significant difference in the expression levels of MRPL19 and C2ORF3 for the two alleles of rs17689863 and rs1803196, respectively ( Figure 3 ). When associated with the risk haplotype, the more common allele was significantly less transcribed for both genes. The cDNA to DNA ratio was <1 in all carriers.
Identification of new SNPs within the genomic region of MRPL19 and C2ORF3
We hypothesized that there might be two separate mechanisms in this region for the susceptibility of developing dyslexia, i.e., the risk haplotype in the putative regulatory region and/or SNPs within the coding region of one of the two genes. Therefore we Table 1 ), suggesting that none of these variants was functionally relevant.
To fully explore the genetic variation at this locus, we performed genomic sequencing over a ~86 kb region (from 54677889 bp to 54764033 bp, according to the public-map contig NT_022184.14, build 36) encompassing MRPL19 and C2ORF3 ( Figure 1B ).
Two affected subjects (one of Finnish and one of German descent) homozygous for the four-marker risk haplotypes CCAC (495 kb) and CCCC (1.2 Mb), respectively, and a German affected individual homozygous for the opposite non-risk haplotype, were sequenced over all exonic, non-repetitive intronic and the putative promoter regions of MRPL19 and C2ORF3. We could identify totally 121 SNPs and 10 DIPs, of which 27 and six where novel, respectively (submitted to dbSNP under accession numbers ss49855067-ss49855099, www.ncbi.nlm.nih.gov/SNP). No new cSNPs were found while six already known coding variants could be identified, one in MRPL19 and five in
C2ORF3.
Correlation of expression in different regions of adult human brain
We studied the expression levels of MRPL19, C2ORF3, and KIAA0319 showed a very even expression across the studied brain regions, and hence a different pattern as compared to C2ORF3 (R 2 =0.15). Interestingly, for MRPL19 the correlation was strongest for KIAA0319 (R 2 =0.47), and weaker for DYX1C1, ROBO1
and DCDC2 (R 2 =0.35, 0.43 and 0.20, respectively) (data not shown).
Transcript characterization of the three genes in the region
We verified the gene structure and the exon/intron borders for FLJ13391, MRPL19 and 
Mutation screening of two additional positional candidate genes
In addition to the three studied genes in the region of association (FLJ13391, MRPL19
and C2ORF3), CTNNA2 (catenin alpha-2) and LRRTM4 (leucine rich repeat transmembrane neuronal 4) are the only known genes, besides a cluster of pancreaticspecific genes, within a 5 Mb genomic region from TACR1 to CTNNA2 ( Figure 1A ). As these two genes are highly expressed in the human brain and represented functional candidate genes for dyslexia, they were screened during the mapping process for mutations/variations in affected subjects of Finnish origin. However, no coding variants were detected in the coding exons or splice sites of either of them. Furthermore, TDT did not reveal any signs of association in the LRRTM4 gene in the Finnish or the German sample set.
Analysis of selection pressure during the evolution of MRPL19 and C2ORF3
We looked for signs of recent selection in the MRPL19 and C2ORF3 genes since the divergence from the orangutan and gorilla branches, by sequencing the coding regions in four non-human primate species. For MRPL19, only one nonsynonymous substitution was identified in chimpanzee, as well as one nonsynonymous and one silent substitution in pigmy chimpanzee and gorilla, respectively (Supplementary Data, Table 2 ). In orangutan, 18 different variants were discovered. On the contrary, several variants were identified in C2ORF3 in all primates analyzed with a total of 18 SNPs in pigmy chimpanzee, 24 in chimpanzee and 29 in gorilla (Supplementary Data, Table 3 ). The predicted C2ORF3 proteins for pigmy chimpanzee, chimpanzee and gorilla differ in 8, 12 and 15 aa:s (1.0%, 1.5% and 1.9% of residues), respectively, as compared to the human homologue. An overrepresentation of nucleotide substitutions was found in exon 1 for all primates. The orangutan exons could not be amplified with the human-specific primers used, suggesting a too low sequence identity in the flanking intronic sequence (50-100 bp).
We calculated the rate of synonymous (dS) and nonsynonymous substitutions (dN) in all species studied. We applied likelihood ratio tests (LRTs) to analyze the selection pressure ω = dN/dS for MRPL19 and C2ORF3 during primate evolution using the codeml software included in the paml3.15 package (22) (see Supplementary Data, Table 4 ). For MRPL19 the low number of sequence alterations drastically reduces power in the likelihood ratio test and the estimates will not be reliable. For C2ORF3, a model specifying independent ω ratios for all branches (free ratios) showed a significantly better fit to our data compared to a model assuming a single ω for all lineages (Table 2 and Figure 5 ). To predict selection pressure changes during primate evolution, we constructed a two-ratio model specifying an identical ω for the primates and a different ω for the out-group. The two-ratio model was more likely than the free ratios model indicating evidence of change in the selection pressure from dog to primates due to a significant sequence diversity in protein coding regions of C2ORF3.
However, there was not significant heterogeneity among the primates, indicating no change in selection pressure during the evolution of C2ORF3 from non-human primates to the human lineage ( Table 2 ). The same conclusion was drawn from a likelihood ratio test without the dog C2ORF3 sequence using gorilla as the out-group (data not shown).
DISCUSSION
We have previously confirmed the presence of a dyslexia locus on 2p12 using both linkage and association analysis in Finnish families (16, 19 We propose these genes as candidates for the susceptibility of developing dyslexia at the DYX3 locus.
Because the two independent sample sets supported the association findings, there is strong evidence for the involvement of this locus in dyslexia. Other studies have found support for this region as well, although the linked/associated loci have been widely spread over the short arm of chromosome 2. This suggests the possibility of two dyslexia loci, one on 2p15 and our locus on 2p12, both supported by Fisher et al. (15) .
Alternatively, there is only one locus with an inaccurate definition of its position by linkage. As we used a categorical diagnosis of dyslexia both in the initial genome-wide scan (16) and in further fine mapping studies (19) , this locus seems to have a general effect on dyslexia, i.e., word reading and spelling. This conclusion is further supported by the observation of a stronger effect in the more severe cases from Germany. Even The associated haplotypes that we identified in the two sample sets are located in the intergenic region between FLJ13391 and the MRPL19 -C2ORF3 genes. Because our extensive search for possible novel genes throughout the whole ~80 kb region between FLJ13391 and MRPL19 yielded no results, it is unlikely that the associated region would harbor a yet unidentified susceptibility gene. Instead, the associated SNPs might be non-coding variants in a regulatory region for MRPL19 and C2ORF3. In support of this hypothesis, our expression data showed that these genes are co-regulated in different brain areas. This observation is further supported by publicly available data from pooled microarray experiments (http://microarray.cpmc.columbia.edu/tmm).
Moreover, these two genes are in strong LD belonging to a single haplotype block.
The suggested regulatory effect of the associated haplotype was further supported by allele-specific expression analysis. We assessed the allelic balance in mRNA for the two genes in two groups: individuals heterozygous for the risk haplotype, and those heterozygous for non-risk haplotypes. We found that the level of expression assayed by a synonymous SNP in each of the two genes was significantly decreased for the alleles associated with the risk haplotype. There are several reported examples of haploinsufficiency associations to susceptibility, such as for the dyslexia candidate genes ROBO1 (13) and KIAA0319 (11, 12) . Furthermore, despite an effort to identify new cSNPs that might provide a simple functional explanation for the susceptibility at this locus, none of the observed coding changes in MRPL19 and C2ORF3 were associated with dyslexia (Supplementary Data, Table 1 ).
Further support for the involvement of either MRPL19 or C2ORF3 or both in dyslexia was obtained by correlating their expression with the previously proposed dyslexia candidate genes DYX1C1 (8), DCDC2 (9, 10), KIAA0319 (11, 12) and ROBO1 (13) .
Our quantitative expression analysis across the different brain regions showed high expression of MRPL19 and C2ORF3 in all brain areas tested, and abundant expression in regions implicated in reading by functional and imaging methods such as the inferior frontal and temporal occipital area; the superior temporal, parietal temporal and middle temporal-middle occipital gyri (5, 23). The expression of both C2ORF3 and MRPL19 correlated strongly with the other dyslexia candidate genes. In contrast, FLJ13391
showed a very different pattern of expression than any of the other genes studied, and therefore is considered as a much less likely candidate for dyslexia susceptibility at the DYX3 locus.
Finally, an evolutionary analysis revealed high levels of variation in C2ORF3 in primate and non-primate species. An accelerated rate of protein evolution in primates, especially in the human lineage, has been shown for a number of genes important for nervous system development and function (24, 25) . Positive selection during recent human evolution was suggested for FOXP2 (26) , and the selection pressure was also found to be different for ROBO1 between the human, chimpanzee and gorilla branches as compared to the orangutan (13) although ROBO1 has been proposed to be a slowly evolving gene due to the large excess of silent changes in each primate lineage (6) . A test for heterogeneity among the primate species revealed no evidence of change in the selection pressure during primate evolution of MRPL19 and C2ORF3. The relatively low dN/dS ratios estimated for C2ORF3 in this study are consistent with previous reports of low dN/dS ratios for nervous system genes (27) . However, the stringent definition of adaptive evolution, ω>1, in estimations of selection pressure may be misleading for many genes expressed in brain as low ω values may mask signs of adaptive evolution. Furthermore, we report a nearly equal proportion of synonymous to nonsynonymous substitutions in primate C2ORF3 (50% and 45% synonymous changes in chimpanzee and gorilla, respectively) and a 98% identity relative to the human orthologue at the protein level. This finding together with the fact that the non-primate lineage show comparatively higher dN/dS ratios may indicate that C2ORF3 is under functional constraint due to an important function in the brain acquired during primate evolution.
In contrast, MRPL19 is a highly conserved gene with only a few nucleotide changes.
Therefore, the maximum likelihood estimates using dN/dS ratios for MRPL19 were (28), in accordance to the fact that energy production is critical in the active brain.
In conclusion, our data support the involvement of the 2p12 locus in the development of dyslexia and the role of either or both genes, MRPL19 and C2ORF3. MRPL19 protein may participate in mitochondrial energy metabolism, whereas the cellular function of C2ORF3 is unknown (it was initially falsely thought to be a transcription factor due to a chimeric cDNA clone), and needs to be addressed in future studies. Several lines of evidence support either or both of these genes as relevant candidates for the DYX3 locus.
MATERIALS & METHODS
Subjects and genomic DNA preparation
Eleven Finnish three-generation pedigrees consisting of 83 subjects (34 affected, 41 healthy, eight phenotype unknown) were genotyped in the first round of fine mapping.
Kindreds have been partly described previously (16) , but because of sample and/or phenotype availability, 13 more subjects were included. In the second round of fine Genomic DNA for the Finnish and German samples was extracted from blood using standard methods (31, 32) . Genetic studies have been approved by the appropriate ethical committees in Finland, Sweden and Germany.
Genotyping
In the first stage of fine mapping, eight microsatellite markers (D2S2109, D2S438, D2S1262, D2S253, D2S289, D2S2162, D2S435, D2S394) and 24 SNPs with an average spacing of 225 kb (range 42-556 kb) were genotyped in the Finnish kindreds.
Twenty of these SNPs were genotyped in the German samples. In the second stage of fine mapping, 15 additional SNPs were selected over the 157 kb candidate region and genotyped in the full Finnish and German sample sets. We also tagged the LRRTM4 gene using three additional SNPs (rs654148, rs2901848, rs2178759) and moreover, 11
cSNPs with minor allele frequency >5% were genotyped in the full sample set of Finnish and German families. Altogether nine SNPs with low success rates were removed from analysis.
All SNPs were genotyped using matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF, Sequenom) as described previously (19) , by sequencing, or by PCR amplification and visualization in agarose gels (19 bp DIP ss49855073). The Sequenom assays were designed using the SpectroDESIGNER software and are available upon request. A genotyping success rate of 80% was required for inclusion in analyses. All genotypes were independently confirmed by two investigators. Data were checked for mendelian consistency using Pedcheck (33) , and unresolved inconsistencies were assigned as missing genotypes.
PCR and sequencing reactions
PCRs (all primer sequences available upon request) were carried out in 10-25 μl reactions containing 0.5-1 ng/μl of genomic DNA, 1.5-3 mM MgCl 2 , 0.4 mM of each dNTP, 0.8 μM of each primer and 0.03 U/µl of HotStarTaq DNA polymerase (Qiagen).
We used a touch-down protocol with 42 cycles of amplification with 1ºC of decrease in annealing temperature at each round; 2 cycles at 63ºC and at 62ºC respectively, 3 cycles at 61 to 56ºC, respectively, and 10 cycles at 55ºC and 54ºC, respectively. PCR cycles had an initial denaturation at 95ºC for 15 min, 30 sec at each annealing temperature and 30 sec to 1 min 30 sec elongation at 72ºC with a final extension of 10 min at 72ºC.
Primate DNA PCR was carried out following the touch-down protocol but ending at 55ºC for 25 cycles. 
Models tested
A. One ratio = Single ω for all branches 
